Objective: In a 32-year-old woman with marked QT prolongation (QTc50.61 s) and repeated episodes of syncope, we identified a single pertinent base substitution (G to A at 1909) in HERG by genetic analysis. This novel missense mutation is predicted to cause an amino acid substitution of lysine for glutamic acid at position 637 (E637K) in the pore-S6 loop. Therefore, we investigated the role of a glutamic acid at the vicinity of the pore in HERG channels by mutating it to a lysine. Methods: We characterized the electrophysiological properties of the E637K mutation using a Xenopus oocyte heterologous expression system. Results: Injection of the E637K mutant cRNA alone into Xenopus oocytes did not result in any expression of detectable currents. Coexpression of wild-type (WT) and E637K (E637K / WT) elicited only about 30% of the control peak tail current that was expected from expression of WT alone. Kinetic analyses revealed that E637K / WT decelerated the rate of channel activation and enhanced steady-state inactivation. Furthermore, the reversal 1 potentials at low concentrations of K showed a positive shift in oocytes injected with E637K / WT compared with WT alone. Conclusions: These results indicated that the E637K mutation causes apparent dominant negative suppression of WT HERG channel function and suggest that E637 at the Pore-S6 is a crucial component of the activation and inactivation gate of HERG channels.
Introduction
ether-a-go-go-related gene (HERG), of which a defect produces the LQT2 form of LQTS. HERG encodes a
1
Familial long QT syndrome (LQTS), an inherited carvoltage-gated K channel whose properties are similar to 1 diac disorder that results in syncopal attacks and sudden the rapidly activating delayed rectifier K current (I ) Kr death, is characterized by prolongation of the QT interval [9]observed in myocardium. LQTS is known to be comindicating abnormal cardiac repolarization [1] . Ventricular prised of more than 80 HERG mutations [10], most repolarization involves several different currents controlled resulting in single amino acid substitutions. There are by a number of distinct ion channels. Defects in any of several mechanisms by which individual mutations in these channel genes can result in altered repolarization HERG produce LQTS. If the missense mutation results in leading to LQTS. Presently, at least six different genetic changing a function vital to the operation of the channel, a loci have been associated with LQTS [2] [3] [4] [5] [6] [7] [8] .
dominant-negative effect can occur through loss of reOne of the principal causes of LQTS is the humanpolarizing current [11] . Other missense mutations alter one or more properties of the channel. For example, mutations in the N-terminus accelerate HERG channel deactivation [12]; a mutation in the S4 voltage sensor affects the analysis of the amplified DNA was performed to screen for voltage dependence of activation [13] ; mutations in the mutations in KCNQ1, HERG, SCN5A, KCNE1, and pore [14] or in the outer mouth of the pore [15] affect KCNE2 as described previously [20] with a slight modi-HERG channel inactivation; mutations in the pore [16] or fication [21] . Normal and aberrant SSCP products were in the S5-pore loop [17] affect the ion selectivity function isolated and sequenced by ABI PRISM 310 (PE Applied of the HERG channel; and a mutation in the C-terminus Biosystems, Foster City, CA, USA). As for the HERG modifies activation-deactivation gating properties [18] .
gene, we sequenced all 15 exons in the proband using 19 These observations indicate that mutations in different primer pairs (Table 1 ) [5, [22] [23] [24] . To confirm the missense regions elicit a variety of functional changes and suggest mutation that serves as the basis of this study, restriction that each mutation should be examined to clarify the enzyme analysis was performed. Using a mutagenic mechanism of HERG current suppression.
primer, gene amplification by PCR introduced an artificial We have recently identified in a Japanese LQTS family Tth HB8I site in the PCR product only for the G-to-A a novel missense mutation in the pore-S6 loop of HERG allele (E637K). Digestion of the PCR products derived which results in an amino acid substitution of lysine for from the mutant allele with Tth HB8I gave rise to 60-bp glutamic acid at position 637 (E637K). Since such a fragments instead of 79 bp when resolved on polymutation has not been reported before, it is of interest to acrylamide gel. discern whether this mutation is responsible for HERG channel dysfunction and the cause of LQTS in this patient. We examined the channel properties of this mutant by 2.2. Site-directed mutagenesis and cRNA in vitro using the heterologous expression system of Xenopus transcription oocytes. We demonstrate that E637K is unable to produce outward currents and acts on wild-type HERG channels in
The HERG cDNA in the pGH19 vector was kindly a dominant-negative fashion.
provided by Dr. Gail A. Robertson (University of Wisconsin). The E637K cDNA was constructed by an overlap extension strategy [25] . The E637K cDNA was confirmed 2. Methods by DNA sequencing analyses using 11 primers. Moreover, to eliminate the possibility that the lack of I -like current Kr 2.1. DNA isolation and mutation analysis following E637K injection was due to some anomaly arising from the mutagenesis itself, mutagenesis to convert Genetic analysis was performed after obtaining written the E637K mutation back to K637E was performed. WT informed consent. Genomic DNA was purified from HERG cDNA, E637K cDNA, and K637E cDNA were subjects' white blood cells after which in vitro amplificalinearized by digestion with NotI, while cRNAs were tion was performed by polymerase chain reaction (PCR) prepared with the mMESSAGE mMACHINE kit (Ambion, [19] . Single-strand conformational polymorphism (SSCP) Austin, TX, USA) using T7 RNA polymerase. 2.3. Oocyte preparation and injection 3 4 Defolliculated Xenopus laevis oocytes (stage V-VI) were isolated as described previously [26] . Each oocyte where I is the relative tail current, P is the fraction of was injected with 50 nl cRNA solution containing either wild-type subunits, (12P) is the fraction of mutant 1.0 ng WT cRNA, 1.0 ng E637K cRNA, or cRNA in subunits, and Z is the fraction of wild-type current passed x combination with both 1.0 ng WT HERG and 1.0 ng by channels with x mutant subunits. If the mutant is E637K. To assess the suppression effect of E637K mutant completely dominant over the wild type, Z is zero for x subunits on HERG channel function, mixtures of WT x51. HERG and E637K cRNAs (2.0 ng total) at various ratios Steady-state inactivation was analyzed as described were injected into oocytes. To eliminate the potential for a previously [29] . Briefly, the corrected steady-state inactivasuppressive effect on HERG current that might be due to tion curves were fitted with a Boltzmann function in the an increased amount of RNA being injected into oocytes, following form: WT HERG cRNA and another cRNA (we used a cRNA of voltage at which I is half of I , and k is the slope factor. CaCl , at pH 7.5 adjusted with NaOH), supplemented with
The K selectivity of HERG was determined by penicillin (100 mg / ml) and streptomycin (100 mg / ml).
measuring the reversal potential of currents in oocytes The oocytes were studied 2-4 days after injection.
bathed in solution containing different concentrations of KCl (0.2-20 mM). Tail currents were measured at a variable test potential after current activation by a pulse to 2.4. Electrophysiological experiments 0 mV. The voltage at which the tail current reversed from an inward to an outward current was defined as the Membrane currents were studied using the two-mi- All values are expressed as mean6S.E.M. Differences NaOH). To examine for permeability of K relative to 1 1 within these values were evaluated by ANOVA and Na on expressed currents, [K ] was varied as 0.2, 0.5, o 1 unpaired Student's t-test when appropriate. P,0.05 was 2, 5, 10, or 20 mM by replacing with equimolar Na . considered significant. Data acquisition and analysis were performed by a Digi DATA 1200 A / D converter (Axon Instruments) and pCLAMP (version 5.5.1, Axon Instruments).
Results

Voltage clamp protocols and data analysis 3.1. Clinical diagnosis
All pulse protocols are described in the figure legends. Fig. 1 shows the 12-lead ECG of the proband ( Fig. 2A , Data analysis was carried out using Clampfit (version 6.1, II-6), who exhibited a markedly prolonged QTc (610 ms) Axon Instruments). The voltage dependence of HERG with notched T waves. She is a 32-year-old woman who current activation was determined for each oocyte by had experienced syncopal episodes at rest. distribution was applied to relative tail current amplitudes normal as were the serum K , Mg , and Ca conat 260 mV following a test pulse to 210 mV for different centrations. The father (I-1) and the daughter (III-4) of the coinjection mixtures as described previously [28] . The proband had prolonged QTc intervals of 520 and 512 ms, ideal predicted curve plotted was derived from the binorespectively, but neither had a history of syncope ( Fig.  mial function: 2A). 
Molecular genetic analyses
expressed a slowly activating outward current reaching .0.5 mA in amplitude by step depolarizations from 220 Screening for mutations in the HERG gene with SSCP to 120 mV (Fig. 3) . This current was associated with an analysis identified an abnormal SSCP conformer in the inwardly rectifying property (Figs. 3C and 4A), as de-DNA samples from the three family members with proscribed previously [30] . By contrast, oocytes injected with longed QTc intervals. These SSCP anomalies were not 1.0-9.0 ng of E637K cRNA did not express functional observed in the DNA samples from more than 100 control channels at any time during the 1-5-day period following subjects. Sequence analysis of the abnormal SSCP concRNA injection (Fig. 3A) . The generated E637K HERG former revealed a mutation leading to a single base currents were not different from those in H O-injected 2 substitution (G to A) (Fig. 2B) . All of the individuals with oocytes (Fig. 3B ). The current induced by injection of 1.0 the E637K mutation showed both 79-and 60-bp fragments ng K637E cRNA, of course, behaved like WT HERG (data by PCR RFLP analysis, indicating heterozygosity for the not shown). In this way, it was confirmed that no anomaly mutation ( Fig. 2A) . This mutation is predicted to result in arose from the mutagenesis procedure itself in the E637K an amino acid substitution of a conserved glutamic acid HERG constructs or experimental errors. And we could with lysine at codon 637 (E637K), located in the pore-S6 eliminate the possibility that the lack of I -like current injecting into oocytes the equal amount of 1.0 ng WT and with SSCP did not also show any abnormal SSCP confor-1.0 ng E637K (i.e., 2.0 ng cRNA altogether, E637K / WT), mers. In order to obtain information regarding how and evoked currents were detectable. The peak current was which dysfunction may be elicited by this mutation, we obtained at a depolarizing step to 120 mV as WT currents, constructed E637K mutant cDNA. We confirmed that the but E637K / WT currents were significantly smaller than E637K cDNA revealed no mutation existed except for those for WT alone (Fig. 3D) . The mean amplitude lysine at codon 637 by DNA sequence analysis. Armed (6S.E.M.) of the tail currents measured at 260 mV after a with these preparations, we expressed wild-type and depolarizing test pulse to 120 mV was 17016175 nA mutant HERG cRNAs in oocytes and analyzed the re-(n511) for WT 1.0, and 588641 nA (n511) for E637K / sultant currents in the following experiments.
WT ( Fig. 4B, P ( Fig. 4A,B) . Amplitudes of tail currents were plotted as a pulses to 110 mV were significantly reduced. The suppresfunction of the test potential and were fitted to a sive effect was slightly weaker than that expected for ideal Boltzmann function (Fig. 4C) . The voltage at which the dominant negative mutants (Z 50.37, Z 50.18) (open 1 2 current was half-activated (V ) was 223.361.2 mV (n5 square in Fig. 4D ). In contrast, in oocytes injected with positive potentials compared with that for WT alone (P, triangle in Fig. 4D ). These results suggest that an E637K 0.01). The slope factor for E637K / WT (6.960.18 mV, mutant causes dominant-negative suppression of WT n511) was also reduced compared with that for WT alone HERG; however, some fraction of E637K / WT forms (8.360.32 mV, n511) (P,0.01).
heterotetramers to function as active channels. We next Fig. 4D shows a more detailed analysis of the effects of examined the kinetics of HERG channels and reversal the mutant E637K on WT HERG current. Oocytes were potentials between coinjected oocytes and oocytes injected injected with a constant amount (2 ng) of WT HERG with WT HERG alone. cRNA with varying ratios of E637K. In oocytes injected with mixtures of WT and E637K cRNAs at various ratios, 3.3.2. Deactivation of E637K mutation channels as the ratios of E637K cRNA were increased, the relative Deactivation currents during test pulses could be fitted current amplitudes at 260 mV after depolarizing test to a double exponential function. At test potentials be- tween 2100 and 250 mV, both fast and slow time l, n57; 2103.761.3 mV for 0.5 mmol / l, n511; constants of deactivation for E637K were similar to that 287.461.1 mV for 2 mmol / l, n510) compared with WT for WT alone (Fig. 5A,B) . Our results differ from those of alone (2118.961.3 mV for 0.2 mmol / l, n56; a previous report [16] in which a mutation in the channel 2110.262.3 mV for 0.5 mmol / l, n59; 293.261.7 mV pore N629D accelerated the deactivation time course.
for 2 mmol / l, n513) ( Fig. 5D , P,0.05). The relative 1 1 permeability of Na to K for WT determined from this fit 3.3.3. Steady-state inactivation of E637K mutation was 0.010. For E637K / WT, the best fit estimate of the channels permeability ratio, P /P was 0.018.
The steady-state inactivation for E637K / WT was shifted significantly to a negative potential (V value was 1 / 2 2101.963.9 mV (n56)) compared with that for WT alone (V value was 282.563.0 mV (n57)) ( Fig. 5C , P, 4. Discussion
0.01). Thus, at the same depolarized potential, channel availability was diminished for E637K / WT resulting in In the present study, we identified in one Japanese enhanced inward rectification. Our results are in accord LQTS family a novel single base substitution (from G to with previous reports [14, 29] on HERG with nearby A) at the nucleotide position 1909 of HERG. This mutation mutants. For instance, a mutation in the channel pore may lead to the substitution of a positively charged lysine V630L caused a negative shift in the voltage dependence for the highly conserved, negatively charged glutamic acid of steady-state inactivation [14] , while mutations in the at position 637 located at the outer mouth, the pore-S6 outer mouth of the channel pore S631C produced a loop, of HERG channels (Fig. 2C,D) . Interestingly, the substantial increase in the rate of inactivation [29] .
primary consequence of the E637K mutant was an inability to produce HERG outward currents when corresponding 3.3.4. Ion permeability of expressed currents cRNA was injected to express E637K HERG in Xenopus
1
The reversal potentials at low concentrations of K (0.2, oocytes (Figs. 3A and 4A ). Since the identical injection of 0.5, and 2 mmol / l) showed a positive shift in oocytes wild-type HERG produced inwardly rectified currents [31] injected with E637K / WT (2105.962.4 mV for 0.2 mmol / as shown in Fig. 3 , the absence of current in E637K HERG may seem to be related to its fundamentally defective showed a positive shift (Fig. 5D ). These results suggest properties.
that E637K mutant subunits co-assemble with those of On the contrary, co-expression of E637K with WT in wild-type channels, and that such heteromultimers function oocytes, which is expected to form heteromultimers rather as potassium channels but suppress normal channels. Thus, than two distinct homomultimers, resulted in outward it can be concluded that the E637K mutation is pathogenic currents whose amplitudes were far less than one-third of in producing LQTS in these patients, because no genetic the control currents that were expected from expression of abnormality accountable for this was detected in other 1 WT alone (Fig. 4A,B) . However, most of the current portions of the K channels (KCNQ1, KCNE1, KCNE2 ) or 1 properties tested were similar between WT and WT / the Na channels (SCN5A). As shown by PCR-RFLP, our E637K currents. For instance, the peak of current-voltage patients are heterozygous for this mutation. Thus, native (I-V ) relationships for peak currents recorded during HERG channels consist of wild-type and E637K mutant depolarizing pulses (Fig. 4A ) and the deactivation time channels. Although we have no exact information about course (Fig. 5A,B) were similar between the two exthis patient at the HERG protein level, it is highly possible perimental conditions. In contrast, the two currents were that two types of HERG proteins are expressed and that not identical with respect to the following properties: the channels in these patients function similarly to those of voltage dependence of activation was shifted in a positive channels expressed in our experimental oocytes. direction (Fig. 4C) , the voltage dependence of steady-state
The dominant-negative effects of E637K found in coinactivation was shifted in a negative direction (Fig. 5C) , expressed currents can be easily generated when we 1 and the reversal potentials at low concentrations of K assume that one or two mutant subunit(s) form a composite To construct inactivation curves, a voltage protocol (inset) was employed: a 900-ms depolarizing pulse to inactivate HERG channels followed by varying repolarizing pulses to potentials between 2130 and 150 mV for a short period of 60 ms, followed by a test pulse to 120 mV. Current amplitude at test potential was normalized and plotted against prepulse potentials. Symbols are as members of the four-subunit potassium channel. As biological techniques, such as fusion with green fluoresmentioned before, injection of this mutant alone formed cence protein, and immunocytochemical techniques to nonfunctional channels. The reasons for why and how such detect membrane insertion properties. dysfunction is produced by the E637K mutation are not
The data demonstrating a negative shift in the voltage clear. However, at least two explanations can be considdependence of HERG inactivation by the E637K mutation ered. According to some reported mechanisms [32, 33] , one suggests that the residue E637, which is located in the possibility involves defective protein trafficking of mutant vicinity of the channel pore, may be related to conforma-HERG proteins to the plasma membrane, while another tional changes during inactivation. It has been reported that involves a primary dysfunction in gating, even when the one mode of suppression of outward currents in HERG channel protein is correctly positioned in the plasma channels is caused by fast C-type inactivation which membrane. Our co-expression experiments indicate that involves a conformational change near the outer mouth of the gating properties are less effective, but such dysfuncthe pore [34] . In a previous report [14] , a mutation in the tion is not enough to explain all the observed dominantchannel pore or in the outer mouth of the channel pore negative effects. Therefore, the first possibility suggested altered the voltage dependence of inactivation of the above should not be disregarded. Experiments to test HERG channel. As examples, substitution of V630L protein processing are currently underway using cell caused a negative shift in the voltage dependence of inherited cardiac arrhythmia, long QT syndrome. the geometry of the pore resulting in the alteration in ionic [11] Sanguinetti MC, Curran ME, Spector PS, Keating MT. Spectrum of
